Charge collection processes have been studied as a function of ion type and incident angle of the impinging ion on silicon diffused junction structures on various epitaxial layer thicknesses.
Introduction
Single event upsets in integrated circuits occur when sufficient charge to disrupt the normal operation of the device is deposited by an energetic ion and collected at a device node within a certain time. Thus the process depends on how much charge an ion deposits, the quantity of this charge collected at a sensitive node, and the collection time. The charge deposited in a sensitive volume depends on the ion, ion energy, and device material. The fraction of the charge deposited which is actually collected depends on the ionization density of the ion track, the dimensions of the node, the angle of incidence of the ion, the point of impact relative to the node, and the possible effect of coatings or buried layers. The time dependence of the charge collection, which can be an important factor for some types of circuits, depends on the relative contributions to the charge collection from drift and funneling (fast) and diffusion (slow). The above considerations apply either to the direct deposition of charge by an impinging ion or to processes such as charge produced by products from nuclear reactions initiated by the impinging ion.
The work presented here focuses on the mechanisms of charge collection in test structures of known geometries and compositions with a variety of ions and energies. Charge collection is measured using a charge sensitive preamplifier to measure the total charge collected over a relatively long time (about 0.5 microsecond) and a transient digitizer to measure the time dependence of the process down to relatively short times (less than 1 nanosecond). The charge sensitive preamplifier measurement results in an absolute number for the charge collected expressed -as a charge collection efficiency relative to the value obtained by using a silicon surface barrier detector which is known to be close to 100 percent efficient at collecting charge. The microbeam facility has been described in detail elsewhere.2-3 It consists of a precision manipulator stage that allows the test structure to be positioned in three dimensions with an accuracy of about 1 micrometer and rotated to change the angle of incidence with respect to the incident ion beam. A silicon surface barrier detector is also mounted on the manipulator for calibration. The accelerator beam strikes a thin scattering foil and those ions scattered thru the appropriate small angle pass thru a 25-micrometer diameter aperture and strike the test structure.
This microbeam facility is connected either to the NRL Van de Graaff (for the proton and helium data) or the U of P Tandem Van de Graaff (for the beryllium, oxygen, silicon, and copper data).
Charge collection measurements were made either with a charge sensitive preamplifier (Ortec H242A), amplifier, and pulse height analyzer for determining total collected charge or a transient digitizer (Tektronix 7912) with a microcomputer control system for determining the time dependence of the charge collection process.
The Fig. 1 ). During all of the measurements this guard ring was neither biased nor grounded.
The energies of the ions incident on the structures were determined in the following manner. First, the energies of the ions incident on the scattering foil were calculated from the calibration of the accelerator analyzing magnet. The thickness of the scattering foil was then determined by *These depths are based on measurements of breakdown voltages and diffusion calculations using the SUPREM code. at least a small increase in charge collection efficiency.
In the case of the thinnest epitaxial structures, because of the small separation between the junction and the substrate, the efficiency increased dramatically with increasing bias for voltages greater than 3V. This is shown in Fig.  2 The results of the measurements of charge collection efficiency vs angle of incidence at 5 volts for the five types of structures (n-and p-type substrate; bulk, and 5-and 3-micrometer epitaxial) are shown in Figs. [3] [4] [5] [6] [7] . For the bulk p-type *Note that this figure is for 2 MeV helium ions unlike the rest of the helium ion data in this work which is 3 MeV. 8 TIME (ns) TIME (ns) the early part of the charge Figure 11 . Comparison of the early part of the charge is at normal incidence.
collection pulse from ions at normal incidence. Figure 12 . Comparison of the early part of the charge collection pulse from ions at normal incidence. 5 Figures 8 through 12 show the time dependence of the charge collection pulse for the five types of structures for normal incidence and 5V bias. It is interesting to note that Figure 8 does not exhibit the slower rise time for Cu ions reported by Oldham and McLean9. The rise time observed for Cu ions on this structure at OV bias was only 1.7 ns compared to their measurement of about 12 ns. Although the resistivity of our material is lower than theirs by about an order of magnitude, at least 75 percent of the total charge produced by the ion is in the fast component, indicating that funneling is still dominant at this resistivity, since only about 12 percent of the charge is produced in the depletion region.
Information on the fast component of the rise time has been extracted for incident 1bo ions and is presented in Table 2 . The rise time of the measuring system (-.7ns) has not been subtracted out. No dependence of fast rise time on incident angle was observed in these cases, so an average over data obtained at all angles was used to obtain the rise times quoted in the eV/electron-hole pair for silicon and the electronic charge.
The test structure element is divided depthwise into a dead layer on top where no charge is collected (an oxide coating, for example), a layer where all of the charge is collected (the depletion layer) by drift, and a layer down to the projected range of the ion where the charge collected by diffusion is proportional to the solid angle subtended by the collecting element. This charge collection model includes the geometrical shape and size of the collecting element and the angle of 0 incidence of the ion. The model does not contain time dependencies but calculates a charge collection efficiency (how much charge is collected relative to the total amount of charge deposited by the ion) as a function of ion, ion energy, dead layer thickness, depletion layer thickness, angle of incidence of the ion, and the shape and area of the collecting element.
It does not include enhanced drift collection due to field funneling.13-17 The model has been used to calculate results for the ions, energies, and the structure used in this work.
The results of these model calculations are shown in Figs. 13 and 14 for a structure which is 100 x 100 micrometers square with a dead layer of 2 micrometers and a depletion depth of 3 micrometers. These numbers were chosen to produce charge collection efficiencies at normal incidence in general agreement with the data, and as such represent effective I depths. Figure 13 is for a bulk material and Fig. 14 I is for an epitaxial structure 5 micrometers deep.
The model predicts qualitatively the observed angular dependence of the charge collection for both the bulk and epitaxial structures. The differences between ions are due to the different dependences of stopping power as a function of penetration depth in the silicon. Thus, considering only the four ions (Be, 0, Si, and Cu) whose ranges are approximately equal, as one goes from Be to Cu the fraction of the total energy lost at the surface increases, so Cu loses the largest fraction and Be the least in the surface dead layer. This explains the relative position of the curves for these four ions in the bulk sample. At the larger angles the ordering of the experimental curves for these ions agrees with the model except for the 0 ion data. Changes in the experimental data of the order of 5 percent would be sufficient to correct this disagreement and also to produce the correct ordering of the data at small angles. Such a change is within the estimated experimental uncertainties.
In the case of the epi samples, the calculational model allows diffusion from 2 micrometers beyond the depletion layer but assumes that the charge from the deeper half of the ion track is lost. The ordering of the charge collection efficiency for these four ions is now reversed from that of the bulk sample, since the Cu ions now lose the most energy in the 5 micrometer collection region and the Be ions the least. As the incident angle is increased the larger energy loss of the ions in the dead layer becomes the dominant factor and the order is reversed at large angles. In general the experimental data agree with the predicted order for these four ions.
The disagreements are not believed to be significant. This effective path length is the distance in which the particle loses an amount of energy corresponding to the charge collected. For a given material the effective collection lengths were similar for all ions. The average collection lengths for the 3-and 5-micrometer n on p structures were 8 and 6 micrometers, respectively, and for the corresponding p on n structures, 6 and 7 micrometers. It is apparent that, with the exception of the 3-micrometer n on p material where charge multiplication is occurring, charge collection from the substrate occurs from a track length of 3 to 4 micrometers. The data in Figures 10 thru 12 show that for the 5 micrometer epi layers and the bulk structure, almost all of this charge collection occurs in less than 1 nanosecond, indicating that funneling is playing a dominant role in the process. The data for the 3 micrometer p on n structure (Fig.   9) show the time dependence of charge collection when diffusion is making an important contribution. 
